Aim: Short sleep duration is a risk factor for cardiovascular diseases. Cerebral blood flow and its regulation are affected by pathological conditions commonly observed in the elderly population, such as dementia, atherosclerosis, diabetes mellitus (DM), stroke, and hypertension. The purpose of this study was to examine the influence of sleep duration on cortical oxygenated hemoglobin (OxyHb) using near-infrared spectroscopy (NIRS).
Aim: Short sleep duration is a risk factor for cardiovascular diseases. Cerebral blood flow and its regulation are affected by pathological conditions commonly observed in the elderly population, such as dementia, atherosclerosis, diabetes mellitus (DM), stroke, and hypertension. The purpose of this study was to examine the influence of sleep duration on cortical oxygenated hemoglobin (OxyHb) using near-infrared spectroscopy (NIRS).
Methods: Seventy-three individuals (age, 70.1 AE 3.9 years, 51 men and 22 women) participated in this study. Cortical OxyHb levels were measured with NIRS. We evaluated age, body mass index (BMI), smoking status, alcohol intake, sleep duration, hypertension, DM, and hyperlipidemia using a questionnaire. Blood pressure was measured using plethysmography.
Results: Peak OxyHb and area under the NIRS curve significantly decreased in participants with sleep duration <7 h compared with those with sleep duration ≥7 h (0.136 AE 0.212 mMÁmm vs 0.378 AE 0.342 mMÁmm, P = 0.001; 112.0 AE 243.6 vs 331.7 AE 428.7, P = 0.012, respectively). Sleep duration was significantly correlated with peak OxyHb level and area under the NIRS curve (r = 0.378, P = 0.001; r = 0.285, P = 0.015, respectively). Multiple regression analysis, including age, BMI, sex, smoking status, alcohol intake, sleep duration, hypertension, DM, and hyperlipidemia revealed that sleep duration was the only significant independent factor associated with peak OxyHb and area under the NIRS curve (β = 0.343, P = 0.004; β = 0.244, P = 0.049, respectively), and smoking status was independently correlated with time to the peak OxyHb (β = −0.319, P = 0.009).
Conclusion:
Sleep duration may be an important factor that influences cortical oxygenation in the elderly population.
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S
HORT SLEEP DURATION is a risk factor for cardiovascular diseases.
1,2 Our previous study showed that sleep duration was independently associated with atherosclerosis, which leads to cardiovascular diseases. 3 Brain volume, particularly in the frontal cortex, and cerebral blood flow (CBF) decrease with age. 4, 5 Pathological processes commonly observed in the elderly population, such as dementia, atherosclerosis, diabetes mellitus (DM), stroke, and hypertension, influence CBF and its regulation. 6 A decrease in total CBF has been linked with a higher risk of all-cause, non-cardiovascular, and cardiovascular mortality, independent of clinical cardiovascular status. 7 However, the role of sleep duration has not been fully evaluated with regard to changes in brain morphology or CBF.
Methods for measuring CBF include functional magnetic resonance imaging (MRI), positron emission tomography, and multi-channel near-infrared spectroscopy (NIRS). [8] [9] [10] NIRS allows us to measure regional CBF non-invasively by assessing relative concentration of oxygenated hemoglobin (OxyHb) with high temporal resolution. 9 This approach has been used for clinical examination of psychiatric patients and healthy individuals. 10, 11 Relative to cerebral blood volume, CBF is an earlier indicator of abnormal perfusion in patients with Alzheimer's disease. 12 As the NIRS can noninvasively measure cortical OxyHb, it may help practitioners detect deterioration in brain function early in those with Alzheimer's disease or vascular dementia. 13, 14 In the present study, we investigated the relation between sleep duration and cortical oxygenation in the frontal area as measured by NIRS in elderly individuals.
METHODS

Study participants
We enrolled 73 consecutive volunteers aged ≥60 years (mean age, 70.1 AE 3.9 years, 51 men and 22 women). We collected data on age, body mass index (BMI), smoking status, alcohol intake, sleep duration, hypertension, DM, and hyperlipidemia from a questionnaire. Current smoker was defined as any participant who was either currently smoking or had quit within the last 4 years. 15 Alcohol intake was defined as any participant who drank regularly. 16 Systolic blood pressure and diastolic blood pressure were measured using plethysmography (BP-203RPEIII, Omlon Colin Co. Ltd., Tokyo, Japan) before NIRS. Hypertension was defined as a case of more than 140 mmHg systolic blood pressure, more than 90 mmHg diastolic blood pressure, or taking antihypertensives. 17 DM and hyperlipidemia were defined by the use of oral hypoglycemic agents and lipid-lowering agents. None of our participants were on any psychotropic medications at the time of the study. Exclusion criteria were neurological disorders, sleep disorders, substance abuse, alcohol abuse, severe head trauma, myocardial infarction, angina pectoris, pulmonary disorders, the presence of claustrophobia, and anemia. None of the participants reported recent reductions in memory or cognitive performance, and none showed any impairment in basic or instrumental activities of daily living. The Chubu University Ethics Committees approved all procedures associated with the study, and written informed consent was obtained from each participant after the nature of the study and procedures involved were explained to him/her.
NIRS
Relative concentrations of OxyHb were measured using the two-channel NIRS recorder (HOT121B; Hitachi High-Technologies Co. Ltd., Tokyo, Japan), while the participant performed a word fluency task. NIRS probes (3-cm distance between emitter and detector probes) were placed on the left and right frontal areas, including Fp1 and Fp2, according to the international 10/20 system used in electroencephalography. The absorption of near-infrared light was measured with a temporal resolution of 0.1 s. The word fluency task was performed as previously described. 18 It consisted of a 30-s pre-test baseline, a 60-s word fluency task, and a 70-s post-task baseline. Participants were asked to repeat the syllables /a/, /i/, /u/, /e/, /o/, and to then generate as many words as they could with initial syllables /ka/, /sa/, and so forth. Three initial syllables were changed every 20 s during the 60-s task. To complete the task, participants were asked to again repeat the syllables /a/, /i/, /u/, /e/, /o/. A mean was determined from the values recorded from two channels in the frontal area. We measured peak OxyHb and time to the peak OxyHb from task start. The area under the NIRS curve was measured using the trapezium rule, which approximated the region under the NIRS curve described by the function f(x).
Statistical analyses
All results are presented as mean AE SD. We divided participants into two groups based on sex, sleep duration, smoking status, alcohol intake, BMI, hypertension, DM, and hyperlipidemia. 2, 19 We compared NIRS parameters between the two groups (men vs women, sleep duration <7 h vs ≥7 h, neversmokers vs current smokers, never-alcohol-drinkers vs alcohol drinkers, BMI <25 kg/m 2 vs ≥25 kg/m 2 , non-hypertension vs hypertension, non-DM vs DM, non-hyperlipidemia vs hyperlipidemia, and nonmedication use vs medication use) with the non-paired t-test. We performed Pearson's correlation analysis followed by multiple regression analysis to determine independent parameters correlated with peak OxyHb, time to the peak OxyHb, and area under the NIRS curve in relation to age, BMI, sex, smoking status, alcohol intake, sleep duration, hypertension, DM, and hyperlipidemia. A P-value of <0.05 was considered statistically significant. Statistical analyses were performed using IBM SPSS 23 (IBM Corp., Chicago, IL, USA).
RESULTS
Participant baseline characteristics are shown in Table 1 Table 2 ). There were no significant differences in peak OxyHb, time to the peak OxyHb, or area under the NIRS curve between men versus women, never-alcohol-drinkers versus alcohol drinkers, BMI <25 kg/m 2 versus ≥25 kg/m 2 , nonhypertension versus hypertension, and nonmedicated versus medicated groups.
Sleep duration was significantly correlated with peak OxyHb and area under the NIRS curve (r = 0.378, P = 0.001; r = 0.285, P = 0.015, respectively) ( Table 3) . Multiple regression analysis including age, BMI, sex, smoking status, alcohol intake, sleep duration, hypertension, DM, and hyperlipidemia revealed that sleep duration was an independent significant factor associated with peak OxyHb level and area under the NIRS curve (β = 0.343, P = 0.004; β = 0.244, P = 0.049, respectively) ( Table 3 ). Smoking status was independently associated with time to the peak OxyHb (β = −0.319, P = 0.009) (Table 3) . Age, BMI, and systolic or diastolic blood pressure showed no significant correlations with peak OxyHb, time to the peak OxyHb, or area under the NIRS curve. Sex, alcohol intake, hypertension, DM, and hyperlipidemia were not significant factors for peak OxyHb, time to the peak OxyHb, or area under the NIRS curve.
DISCUSSION
In the present study, we demonstrated that cortical OxyHb response during the word fluency task was associated with sleep duration in the elderly individuals. Our findings suggest that sleep duration may play an important role in the regulation of cortical oxygenation in this population.
We found that peak OxyHb and area under the NIRS curve were significantly correlated with sleep duration in the elderly. We previously evaluated the relation between sleep duration and the risk of atherosclerosis, and reported that short sleep duration (≤5 h) was associated with the risk of atherosclerosis, which can lead to cardiovascular disease in the elderly. 3 A functional transcranial Doppler hemodynamic response demonstrated that changes in CBF velocity were significantly lower in a group of elderly subjects with atherosclerosis risk factors than in healthy elderly controls without these factors, 20 We also previously demonstrated that the accuracy of the zero-back task reflecting simple attention and short-term memory significantly decreased in participants with a total sleep time <5 h compared with those with a total sleep time >7 h using actigraphy. 21 Thus, short sleep duration is related to reduced cortical OxyHb leading to atherosclerosis or impaired cognitive function in the elderly.
Long sleep duration was associated with increased mortality from stroke and cardiovascular disease in middle-aged and elderly individuals. 1, 2, 22 Epidemiological studies demonstrated that long sleep duration was related to hypertension, hyperglycemia, hyperlipidemia, and metabolic syndrome, but biological mechanisms responsible for such associations remain unclear. 23, 24 We could not analyze the influence of long sleep duration on cortical oxygenation, given that only two subjects were long sleepers. Therefore, future studies should address how long sleep duration affects cortical oxygenation.
Cigarette smoking is a major risk factor for atherosclerosis. 25 There was significant difference between current-and never-smokers and smoking status was significantly associated with cortical OxyHb in our study. A previous study showed that cerebral perfusion was diminished in current smokers compared with elderly subjects without a history of smoking. 26 While no significant changes were observed in mean global CBF during smoking relative to baseline, the increase in arterial plasma concentration of nicotine correlated inversely with global CBF in young individuals. 27 Smoking a single cigarette, either regular strength or light, impaired the endothelial function as evaluated by brachial artery flow-mediated 28 It is possible that smoking duration, the duration of smoking cessation, the number of smoking sessions per day, and complications are important factors for cortical activation at rest in the elderly population. 15 These previous reports may explain some of our findings.
In the present study, hypertension was not a significant factor for cortical oxygenation. Our study included elderly persons, some of whom were treated and others who were not treated for hypertension medication. According to a previous study, untreated hypertension, poorly controlled hypertension, and high blood pressure levels were associated with a decline of CBF in patients with manifest atherosclerotic disease. 29 Moreover, in the 3T wholebody MRI scanner study, CBF in the gray matter significantly increased in the intensive group (target blood pressure of 130/80 mmHg), but remained unchanged in the normal treatment group (target blood pressure of 140/85 mmHg) during the 12-week medication regimen, relative to the nonmedicated group among elderly hypertensives. 30 In addition, a pseudo-continuous arterial spin-labeling MRI study showed that neither systolic nor diastolic blood pressures were associated with CBF in elderly individuals with mild cognitive deficits who were taking antihypertensive medication, 31 which is consistent with our present findings. A subgroup [32] [33] [34] [35] [36] However, regional hypoperfusion was never evident in patients with a recent onset of DM when good metabolic control was present, as measured by HbA1c levels. 36 We showed that DM was not a significant factor for reduced cortical oxygenation. The results were based on a small sample number of participants with DM (n = 6). Moreover, they showed good glycemic controls, which might not lead to lower cortical OxyHb. Further investigation is required to help elucidate the relation between DM and cortical oxygenation in a larger population.
Peak OxyHb was significantly lower in participants with hyperlipidemia than in those without hyperlipidemia. Of the elderly patients with a recent ischemic stroke, 46.7% had a history of dyslipidemia. 37 High serum total cholesterol levels were associated with low cerebral metabolic rates for glucose in the bilateral in frontal regions, which could be preferentially affected by normal aging. 38 Hyperlipidemia attenuated vascular endothelial-growth-factor-induced capillary formation as well as pericyte coverage of brain endothelial cells in a dosedependent manner, abolishing the improvements of CBF in subsequent strokes, resulting in the loss of the metabolic penumbra and increased brain infarction. 39 Cholesterol-lowering medications did not affect decreases in cerebral glucose metabolism in cognitively normal volunteers between 47 and 68 years of age. 38 Therefore, although hyperlipidemia may influence cortical oxygenation, future studies would be mandatory to reveal the pathophysiology and the effect of its treatment on cortical oxygenation in the elderly population.
Limitations
Our study has several limitations. First, our results suggest that short sleep duration may impair cortical OxyHb, but that sleep duration was subjective when measured by questionnaire, and did not serve as an objective evaluation. Future studies will need to employ a methodology that would allow for objective evaluation of sleep. 40 Second, we did not assess the effects of medication, duration of smoking cessation, or number of cigarettes smoked per day. Further research should explore these issues. Third, aspects of age-related changes in sleep timing, sleep architecture, quality and quantity of sleep, and circadian rhythm across the lifespan should be considered. 41 
Conclusions
We found that short sleep duration was associated with reduced cortical OxyHb levels in elderly individuals. Our findings suggest that appropriate sleep duration may benefit cortical oxygenation in this population.
